The present work demonstrates the use of a dielectrophoretic lab-on-a-chip device in effectively separating different cancer cells of epithelial origin for application in circulating tumor cell (CTC) identification. This study uses dielectrophoresis (DEP) to distinguish and separate MCF-7 human breast cancer cells from HCT-116 colorectal cancer cells. The DEP responses for each cell type were measured against AC electrical frequency changes in solutions of varying conductivities. Increasing the conductivity of the suspension directly correlated with an increasing frequency value for the first cross-over (no DEP force) point in the DEP spectra. Differences in the cross-over frequency for each cell type were leveraged to determine a frequency at which the two types of cell could be separated through DEP forces. Under a particular medium conductivity, different types of cells could have different DEP behaviors in a very narrow AC frequency band, demonstrating a high specificity of DEP. Using a microfluidic DEP sorter with optically transparent electrodes, MCF-7 and HCT-116 cells were successfully separated from each other under a 3.2 MHz frequency in a 0.1X PBS solution. Further experiments were conducted to characterize the separation efficiency (enrichment factor) by changing experimental parameters (AC frequency, voltage, and flow rate). This work has shown the high specificity of the described DEP cell sorter for distinguishing cells with similar characteristics for potential diagnostic applications through CTC enrichment. V C 2013 American Institute of Physics. [http://dx
INTRODUCTION
Malignant tumors are characterized by the migration of tumor cells (metastasis) into distant regions of the body during disease progression. Patients with metastatic cancer have significantly worse prognoses with very low survival rates. The survival rate for patients with a localized breast cancer is estimated to be 98.6%. 1 In fact, even when the disease has spread to regional lymph nodes, the survival rate is relatively high at 83.8%. However, after the spread of the disease into distant organs during metastasis, the survival rate plummets to 23.4%. 1 Metastasis begins as the cancer cells detach from the initial growth site. Tumor angiogenesis, growth of new vasculature, provides a route for cancerous cells to enter the blood stream and lymph fluid, facilitating transport to distant organs. 2 The early seeding of cancer cells in distant organs contributes to metastatic relapse which is difficult to detect even with a range of a) Author to whom correspondence should be addressed. Electronic mail: guirenwang@sc.edu. Tel.: (803) 777-8013.
1932-1058/2013/7(1)/011803/12/$30.00 V C 2013 American Institute of Physics 7, 011803-1 diagnostic tools. 3 After surgery, approximately 50% of patients come out of remission due to undetected metastasis. 4 The main cause of secondary tumor growth is single or clustered cancer cells traveling through the blood stream. The number of circulating tumor cells (CTCs) is expected to be low in the early stages of the cancer, on the order of 1 cell/ml. [5] [6] [7] Therefore, very sensitive monitoring equipment must be used to ensure early detection and aggressive treatment.
Current diagnostic techniques for tumor metastasis include imaging studies (computerized and magnetic resonance tomography) or serum marker assays (carcinoma antigen 15.3 and carcinoembryonic antigen). 8 However, such detection methods result in a high rate of false negatives as they lack the specificity to detect signals at such small orders of magnitude. Another method of detecting metastasis directly is the detection and analysis of CTC which offers a promising alternative to invasive biopsies. [9] [10] [11] [12] [13] CTC detection is a diagnostic model that has been extensively investigated. For example, the FDA-approved CellSearch V R detects CTCs by targeting cell markers, such as EpCAM and Cytokeratins (CK) 8, 18, and 19. 14 Studies have previously analyzed the efficacy of CKþ tests and found a direct correlation between the number of CKþ cells and the prognosis of a breast cancer patient. 15 CellSearch has been shown to successfully isolate cells using ferrofluid nanoparticles at a sensitivity of 1 cell per 7.5 ml of blood.
14 While these results are promising, the utilized biomarkers are general to most tumors. Therefore, it cannot identify the type and origin of that tumor cell or differentiate it from other CTC's that might simultaneously flow in the blood. The possibility of various types of CTCs being present requires a more specific identification of the cells. This step is important for patients faced with the spread of disseminated tumor cells after resection of the solid tumor. 16 Furthermore, some markers used by CellSearch like CK19, EGF receptor, and mammaglobin have been shown to be expressed in normal mitogen-stimulated peripheral blood mononuclear cells. 17 An alternative paradigm for CTC detection is through leveraging differences in physical characteristics of tumor cells, such as size, charge, density, and biomarker expression which can ultimately lead to target-cell isolation. For instance, the herringbone-chip developed by Mehemt Toner et al. 18 utilizes antibody-biomarker binding to capture CTCs from the blood. While it has been demonstrated that this approach is highly effective in capturing the general CTC population, it lacks the ability to differentiate between CTCs with similar biomarker expression such as breast and colon cancers. For example, breast cancer (MCF-7) and colon cancer (HCT 116) cells have an upregulation of MMP-9, while genitourinary tract, lung, and thyroid cancers do not. 19 Additionally, both forms of cancer have an increased expression of FAK and CR-1. 20, 21 In addition to expressing similar biomarkers, morphologically both MCF-7 (Ref. 22 ) and HCT 116 (Ref. 23 ) have a dense network of microvilli on their surface.
A developing technology for CTC enrichment is dielectrophoresis (DEP) 24 in a microfluidics device, which offers solutions to many of the shortcomings previously described. 25, 26 DEP allows for the directed movement of polarizable particles. Because mammalian cells in suspension meet this criterion, it is possible to use DEP to manipulate cell movement. DEP has been used for enriching small populations of cells from cell mixtures, 27 cell trapping in nuclear fusion 11 and even progenitor-daughter cell characterization. 12 For biological cells, the DEPinduced behavior is governed by surface morphology, extracellular biomarkers, and intracellular events. 28, 29 This work shows the potential of this technique in isolating CTCs from multiple origins in the same sample and identifying each origin.
The techniques previously mentioned are effective in identifying the presence of metastatic events; however, they have a difficulty in providing information for locating the origin of the cancerous mass. Recognition of different cancer cell types can provide helpful insight for clinical treatment, since we can identify the origin and degree of metastasis in CTCs. If there are multiple types of cancer cells, it could be difficult to separate them since most cancer cells are epithelial and have common biomarkers, similar sizes, and morphologies. While many types of cancer cells have been isolated from noncancerous cells, the isolation of a specific type of cancer cell from other cancer cells using DEP has, to our knowledge, not been explicitly shown.
To characterize isolation and separation of different types of cells, fluorescent dyes are often used in post-experimental analysis. 28 For instance, DEP isolation techniques (e.g., DEP-FFF and HLDEP-FFF) are evaluated through staining the elute of post-separation or RT-PCR, 30, 31 and can, therefore, be more expensive and tedious. In contrast, another study used dyes to examine the effects of DEP on cells during or after the experiment but lacked evidence that the DEP behavior was unaltered as a consequence of the dye. 32 The objective of this work is to explore highly specific separation of two different types of cancer cells (breast cancer cell MCF-7 and colorectal cancer cell HCT-116) and the characterization of separation efficiency (isolation and enrichment) for future application of CTC detection in whole blood. Cells are labeled for monitoring the separation of the two type cancer cells under the case where the labeling will have almost no effect for separation. The present DEP technique reports a highly specific method for separation of two types of cancer cells and represents a promising method for the noninvasive and label free detection of pre-metastatic and metastatic cancers through the isolation of different types of CTCs from the blood.
Principle of the method DEP is the phenomenon of controlled particle movement as the result of an applied nonuniform electric field, which induces a dipole moment on the particle due to the electrical polarization at the particle's membrane with the surrounding solution. [33] [34] [35] [36] Subsequently, the particle is translated in the field to achieve electrostatic equilibrium. This movement results from a DEP force.
In the low frequency region (roughly lower than 10 MHz), cell DEP behavior is largely determined by extracellular factors, including membrane-bound proteins, cell size, solution conductivity, and electric permittivity. The DEP behavior of the particles is dominated by the difference between the particle conductivity and that of the surrounding medium. In this region, the DEP forcef DEP is described as
where Re, e, r, a and E rms are real part, permittivity, conductivity, particle radius, and electric field, respectively, and the subscript m and p denote the medium and particle values. The vacuum permittivity is e 0 . In the high frequency region (higher than 10 MHz), DEP is under the effects of the particle and medium dielectric properties. Thus, the DEP behavior of the particles is dominated by the difference between the particle permittivity and that of the surrounding medium. In this dielectric region, the DEP force is shown as
DEP force on a particle is dependent upon particle radius a, the dielectric constant of the medium e m , and the electric field E rms . With a constant electric field, applied on a medium with a defined dielectric constant, particles with slightly different radii or dielectric properties, will exhibit different DEP behaviors. Selective isolation of a specific particle can be achieved by applying an additional non-electrical force into the system. In the low frequency region, the conductivity terms compose what is referred to as the Claussius-Mossotti factor, K(x) 38 
KðxÞ
where r m is the medium conductivity and r p is the particle conductivity. Positive DEP (pDEP) generally occurs when K(x) > 1, which means the polarizability of the particle is larger than the suspending medium, inducing movement towards the regions of high electric field. In contrast, negative DEP (nDEP) occurs when the polarizability of the particle is smaller than the suspending medium, inducing movement towards the regions of low electric field (away from the electrode) or K(x) < 1.
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Our strategy for separating different types of cancer cells is to find an AC frequency, where the target cells experience nDEP, while the other type cells undergo almost no DEP force, i.e., under the first cross-over frequency (where the DEP force becomes zero). However, for a given media conductivity, the two types of cells may have the cross-over frequency close to each other, and the nDEP force difference of the target cells and other cells present in a mixture can be very small, and hence, it is difficult to separate them. However, the difference between the cross-over frequencies of the two types of cells can be increased by changing the media conductivity.
The relationship between the first cross-over frequency, particle radius, membrane capacitance, and solution conductivity can be described by Eq. (4). The value of this cross-over frequency is directly proportional to the solution conductivity. As the conductivity increases, the DEP spectra should shift to the right (i.e., increasing frequency).
where C m is capacitance of the cell membrane. Since MCF-7 and HCT-116 should have different values of C m, their difference in f x01 can be increased by changing the media conductivity.
A nDEP-based cell separation device was designed on the principle that a DEP force and an applied hydrodynamic force can be balanced to direct particle movement through microchannels, as shown in Fig. 1 . This apparatus consists of a main channel for cell mixtures and a side channel for collecting target cells. Two electrodes on the bottom surface of the microchannel are aligned 45 to the main channel with an AC electric signal applied to both electrodes at a phase difference of 180 . As the target particle approaches the gap between the electrodes, this particle will experience a DEP force. In this system, appropriate voltage and frequency are chosen to induce nDEP force against the hydrodynamic force at an angle, resulting in a net force parallel to the electrodes. The hydrodynamic force is defined as
The net force of DEP (f DEP ) and hydrodynamic force (f h ) repels the target particles to the side channel, which is described by   FIG. 1 . Schematic of the DEP cell sorter. One particle is represented as a free-body diagram with the hydrodynamic, DEP force, and resultant force vectors. Arrows indicate flow through the main channel (80% infusion rate) and through the side channel (20% infusion rate), respectively.
The chip design allows 80% of fluid to flow through the main channel and 20% fluid to flow to the side channel. Other particles in the mixture (non-target cells) should experience either no DEP force or a minimal nDEP or pDEP force which is easily overcome by the hydrodynamic force, allowing convective transport through the main channel and eventual elution. The core principle of this isolation technique is to determine the optimal frequency at which the target cell's f DEP is relatively high (f DEP > f h1 ), while the f DEP of the non-target cell is minimal (f DEP % 0).
MATERIALS AND EXPERIMENTAL DESIGN Sample preparation
The human breast cancer cell line MCF-7 (ATCC TM ) was the target cell type (to be isolated from main stream of sample), while the human colorectal cancer cell line HCT-116 (ATCC TM ) served as the non-target cell. Both cell lines were cultured in a 10% fetal bovine serum (FBS), Mediatech Celllgro RPMI 1640 media (Fischer Scientific) with L-glutamine, and penicillinstreptomycin. The cells were incubated for 3 days between each passage at 37 C and 5% CO 2 . Trypsin was used to detach cells from their flasks. Prior to DEP spectral measurements, cells were suspended in solutions of various PBS concentration levels (0.025X, 0.05X, and 0.1X) to determine the correlation between the solution conductivity and characteristic DEP behavior (i.e., spectra). Experiments were run within two hours of receiving the fresh cells.
Hoechst 33342 (Invitrogen   TM   ) , a positively charged, fluorescent, nuclear dye was used to quantify cell separation. The dye was used to label the HCT-116 cells which were suspended in a 0.1X PBS. This simplified the visual identification of HCT and MCF cells during and after separation experiments. The dye was selected only for visualization in contrast with other studies which employ alternate dyes for the post-experiment analysis. 28 
Microfabrication of microfluidic cell sorter
The separation chip was made using lamination microfabrication. A transparent acrylic plastic substrate of 24 mm Â 20 mm Â 1.25 mm was used as the top (cap) layer. One inlet and two outlet wells (one for the main channel, and the other for the side channel) with a diameter of 1.6 mm were drilled on the top layer. Channels were carved on a middle layer with a height of 40 lm. The widths of the main and side channels were 550 lm and 150 lm, respectively. Indium tin oxide (ITO) thin film electrodes were placed on a glass substrate with a gap of 20 lm. ITO was chosen because of its unique property to be optically transparent (to facilitate visualization through microscopy) yet electrically conductive. Finally, pressure-sensitive adhesive was used to bond all the layers together and prevent any leakage of solution. These materials were selected to maximize cost-efficiency and quality while minimizing cell-material interactions which could confound experimental results.
Experimental setup
A schematic of the setup used for the DEP separation is shown in Fig. 2 . The DEP cell sorter was placed on the test bed of an inverted epi-fluorescent microscope (Olympus-IX70). A syringe pump (Harvard PHD 2000) was used to deliver the sample to the chip. A function generator (Tektronix, Model AFG3102) was used to supply AC electrical signal to the two ITO electrodes. A 10X objective lens (NA ¼ 0.25) was used for magnification of the image. The cell motion was captured by a high-resolution CCD camera (SensiCam-QE, Cooke Corp.).
EXPERIMENTAL RESULTS AND DISCUSSION

DEP spectra of MCF-7 and HCT-116
Each type of cell was studied separately to determine the relationship between AC electric field frequency, solution conductivity, and the cell's unique DEP properties. In particular, the low frequency region was of special interest. This was performed to determine the frequencies and the medium conductivity at which the two types of cell experienced sufficiently different DEP forces. The DEP characteristics of the MCF-7 and HCT-116 cells were studied using a simple wedge microchip previously described by Yang et al.
27 Fig. 3 shows an example of DEP spectrum measurement using a wedge microchip. Cell motion was monitored immediately after the AC power was supplied. The cells begin at rest and, after applying the electric current, the motion of the cell is correlated with the DEP force. The circled cells shown in Fig. 3 indicate the motion of the cells due to DEP force. The cells experienced an nDEP force and moved away from the center, where the electric field was highest.
The DEP force was quantified in terms of cellular acceleration, which was in turn determined by the DEP velocity (displacement of the cells per number of frames). The cell suspension was loaded into the wedge chip and the cells were allowed to come to rest. Because a DEP spectrum is influenced by the medium conductivity, the DEP spectra were measured for both cell types in three different PBS concentrations: 0.025X, 0.05X, and 0.1X PBS. These concentrations correspond to conductivities of 600 lS/cm, 1000 lS/cm, and 3000 lS/cm, respectively. As previously discussed, in the low frequency regime, DEP behavior is highly dependent upon medium conductivity. The purpose of quantifying the spectra for each cell type in media with three different conductivities was to determine the optimal medium conductivity for relevant differences in DEP behaviors. Fig. 4 shows the DEP spectra. Fig. 4(a) shows the DEP spectra for HCT-116 in the three media. Data of special interest are the first cross-over frequency in the low frequency region. These experimental results support the predicted trend from Eq. (4) as there is a direct relationship between increasing conductivity and increasing the first cross-over frequency. In Fig. 4(b) , the same trend is evident for the MCF-7 cells as the conductivity is increased. (Note, due to their complexity of the DEP spectra, placing all spectra of MCF-7 and HCT116 cells into one figure could make it difficult to read.) In both the 0.025X and 0.05X PBS media, both cell Figure 4 (a) also compares the DEP spectra for undyed and dyed HCT 116 cells with Hoechst 33342, in 0.1X PBS media. There are slight differences in DEP force in the region prior to the cross-over frequency. Despite these low frequency variances, the dyed and undyed cells have their first cross-over point at approximately the same frequency, suggesting a similar behavior at that point during the experiment. The difference in behaviors at higher frequency regions was not relevant to this study. Having confirmed that the spectra of the HCT-116 dyed and undyed cells were similar near the first cross-over frequency, the 0.1X PBS solution was used for separating HCT 116 and MCF-7 cells.
In the frequency region of 3-4 MHz, the DEP force of HCT-116 was nearly zero, but MCF-7 experienced nDEP force, providing an almost ideal condition for separation of these two cell types. The region from 6-10 MHz was excluded because the pDEP force experienced by the HCT-116 would lead to cell aggregation along the electrode, blocking flow through the main channel. 
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Separation of MCF-7 cells and HCT116 cells in the DEP cell sorter
The dyed HCT 116 cells were mixed with MCF-7 in a 0.1X PBS solution and the cell mixture was pumped into the cell sorter. The fluid flowed from the inlet to the outlet at the main channel (80% of the inlet flow rate) and the side channel (20% of the inlet flow rate) with a total inlet flow rate of 0.15 ll/min. The flowing cell mixture was visualized as the frequency was adjusted from 1-5 MHz to determine which frequency repelled the most MCF-7 cells into the side channel while allowing HCT-116 cells to continue flow through the main channel. The most efficient frequency in this case was 3.2 MHz. An example of separation is in Fig. 5 Without AC activation of the electrodes, the MCF-7 cells moved together with HCT-116 along the main channel and passed through the electrode pair from left to right, with no separation of the MCF-7 from the HCT-116 as shown in Fig. 5(a) . However, after the power source was turned on, nDEP force repelled the MCF-7 cells towards the side channel and aligned them parallel to the electrode pair, as shown in Fig. 5(b) . There are virtually no gray MCF-7 cells downstream of the electrode pair. Meanwhile, the HCT-116 cells experienced no DEP force and remained flowing through the main channel. The MCF-7 cells and HCT-116 cells were separated and MCF-7 cells were enriched in the side channel. In addition to separating the MCF-7 cells, it was also essential that only a small number of HCT-116 cells were deflected into the side channel due to hydrodynamic force.
This separation system is very sensitive. Small changes in AC frequency will significantly change the results. This can be seen in Fig. 5(c) where the AC frequency is 2.0 MHz, and both the MCF-7 and HCT-116 cells can be seen repelling towards the side channel. Both cell types experienced nDEP force, preventing their separation. Fig. 5 indicates that DEP is highly specific in the separation of cells and such a separation and isolation under particular conditions (media conductivity and AC frequency) could serve as a new "biomarker" for a target cell.
Due to their numerous morphological and biological similarities, MCF-7 cell and HCT-116 cell have similar DEP spectra as shown in Figs. 4 and 5(c). However, since each cell type has its unique dielectric property, one cell type can have a distinct response to the change of environment (such as media conductivity). Leveraging such a subtle difference, it is possible to increase the difference in DEP response of two similar cell types by changing their media conductivity to achieve different cross-over frequencies for the two cell types.
Quantity analysis of cell separation
Videos of the experiments were analyzed to determine the sorter performance using a metric termed: cellular enrichment factor. This is defined as the ratio of target cells deflected towards the side channel to the total number of target cells flowing through the inlet. 42 g ¼ A=ðA þ BÞ;
where A is the number of target cells deflected into the side channel and B is the number of the target cells flowing through the main channel. The enrichment factor was calculated by analyzing the experimental videos in 1 min segments. One minute allowed for over 200 cells to pass through the channel. Enrichment factors calculated from each segment were averaged.
Frequency effect
The enrichment factor was used to (1) determine the optimal frequency of separation at which there is low enrichment of HCT-116 while retaining high enrichment of MCF-7 as shown in Fig. 6; and (2) demonstrate the high specificity of DEP for cell separation. The enrichment was measured from a frequency of 1 MHz to approximately 5 MHz. It was determined that the region of highest enrichment (where g ¼ 1) for MCF-7 was between 1.0 and 3.2 MHz, while the region of highest enrichment for HCT-116 was between 1.0 and 2.0 MHz. In the region of 2.0-3.2 MHz, g of HCT-116 decreased rapidly to 0.25 due to the fast decrease of nDEP force. However, beyond 3.2 MHz, the enrichment factor of HCT-116 increased again rapidly. For instance, at 5 MHz, g of HCT-116 reached to approximately 0.45. It is only near 3.2 MHz that the difference in the enrichment factor between the MCF-7 and HCT-116 reached its maximum. The difference in enrichment at 3.2 MHz for each cell type is shown in Figure 6 . This supports our selection of 3.2 MHz as the most efficient separation frequency. (1), it is clear that DEP force increases with increased gradient of the squared electric field, therefore g should be positively correlated with the magnitude of the electric field E. E is equal to the ratio of voltage to distance between electrodes. In this system, the distance between the electrodes remains constant, therefore increasing the applied voltage will directly increase the magnitude of E, and g. Fig. 7 shows that higher voltages have higher enrichments; however, it quickly reaches a limit. At a flow rate of 0.1 ll/min, enrichment factor increases but begins to plateau around 8 Vpp to a value of 0.93. Similarly, the 0.2 ll/min flow rate plateaus around the same enrichment factor, but reaches saturation at about 12 Vpp. Fig. 7 indicates that increasing voltage is necessary and more efficient for separation cells, when the flow rate is high.
Flow rate effect
The flow rate effect is also displayed in Fig. 7 at each given voltage. As the flow rate was increased, the hydrodynamic force increased, and the DEP force became relatively weak and the enrichment factor decreased. At low flow rates, the hydrodynamic force is small, and the low voltages can generate sufficient DEP force to isolate the MCF-7 from the solution. For instance, at a voltage of 12 Vpp, the enrichment factor was 0.93 for the flow rate of 0.1 ll/min. However, increasing the flow rate to 0.3 ll/min yielded g of 0.8 at the same voltage of 12 Vpp. At relatively low and high voltages, the flow rate effect was relatively weak, but at other FIG. 7 . Relationship between the enrichment factor and voltage for MCF-7 under different flow rates. Voltage and flow rate were modified to optimize the process and to show how the efficiency of the system was impacted by changing these parameters.
FIG. 6.
Relation between the enrichment factor and frequency for MCF-7 and HCT-116. At 3.2 MHz, the enrichment factor for MCF-7 and HCT116 is 93% and 28%, respectively. The relationship confirms the high specificity and optimum frequency of 3.2 MHz for the cell separation.
values, the flow rate strongly influenced enrichment values. At low voltages, the DEP force was too low to repel the cells. At high voltages, the DEP force overwhelmed the hydrodynamic force and dominated the cell motion. In the middle range of the voltage, however, the DEP force and hydrodynamic force competed with each other and increasing the flow rate would increase the hydrodynamic force and decrease the enrichment factor, Therefore, in this region, the enrichment factor was very sensitive to the flow rate as displayed in Fig. 7 .
The presence of a maximum enrichment factor less than one is related to the nature of the designed sorter. The width of the main channel limits the enrichment factor of the target cell as cells furthest from the side channel are deflected from the wall which has a minimal velocity ($0 under no-slip condition) to the centerline of the channel where velocity is the highest. After this deflection has occurred, there is insufficient time for continued deflection in to the side channel. Future work will focus on optimizing channel width to cell size to mitigate this issue.
Potential application in cancer research and diagnostics
In cancer research and diagnostics, label-free isolation and separation of cells is highly useful. It is especially useful if the separation method facilitates the retrieval of target live cells for downstream analysis. It is only due to recent progress in microfluidic technology that has opened a new opportunity for bioscience, that DEP has become a popular technique for biological applications, although it was first described by Pohl as early as 1951. 30, 43 DEP is frequently used as a label-free method in particle separation and isolation since DEP events are specifically dictated by inherent particle and media properties. 38, [44] [45] [46] For biological cells, the DEP-induced behavior is governed by surface morphology, extracellular proteins, and intracellular events. This DEP property has been leveraged to separate and enrich cancer cells from other types of cells. For instance, breast CTCs have been successfully isolated from human blood by exploiting this cell type's unique DEP behavior as compared to hematic components (e.g., erythrocytes and T-lympohocytes). 47 However, separation of two different types of cancer cells using DEP has not been studied until this work. For CTC application, high sample throughput and target cell purity of the enriched sample is required. This can be realized using a cascaded and staggered DEP sorter (demonstrated by this group) for increasing target cell purity and throughput. 42 Additionally, enriched target cells remain unaltered and can be easily cultured for further testing and analysis. Providing an improved method for early detection of pre-metastatic tumor is an important clinical goal to achieve because progression of metastatic cancer rapidly decreases survival rates. Also, providing a means to determine the origin of CTCs can assist clinicians in targeted treatment and eradication of malignant growths.
This work presents another example of the specificity and power of DEP coupled with microfluidics to isolate biological cells based upon intrinsic properties. The wide-range of existing and potential applications for this technology provides the opportunity for future cancercancer separations. This work may potentially be expanded to create an entire database of DEP spectra for different cancer types, providing the scientific community with a new standard for characterizing CTCs through the use of DEP as a new biomarker.
CONCLUSION
This work demonstrates the ability of a contactless, label free, highly specific, DEPbased, microfluidic separation system to isolate cancerous epithelial cells of one type (MCF-7) from another similar cell type (HCT-116). Additionally, the performance of the DEP sorter for separating MCF-7 from HCT-116 was characterized by measuring the relationship between the enrichment factor and operational parameters, such as AC frequency, voltage, and flow rate attaining enrichment efficiencies as high as 93% (0.1 ll/min, 9 Vpp, 3.2 MHz). The results of this work show the DEP cell sorter as a potentially label free, real-time, costeffective option for cancer-cancer cell separation with high specificity in cancer research and diagnosis of CTC.
